A refined version of the combined dry-mount autoradiographic-immunocytochemical technique (Keefer DA, Stumpf WE, Petrusz P: Cell Tissue Res 166:25, 1976) is described in detail. In vivo nuclear estrogen uptake is measured by silver grain counting in immunocytochemically stained gonadotropes (G), somatotropes (S), lactotropes (L), corticotropes (C), and thyrotropes (T) of male rats. In rats 1 day after orchidectomy and adrenalectomy, the order of nuclear estrogen uptake was S = L > G = C > T, with T concentrating less than half as much radioactivity as L or S. Fifteen percent of anterior pituitary cells neither concentrated estrogen nor stained immunocytochemically. Estrogen uptake was examined in gonadocropes 1, 14, and 50 days after orchidectomy and was found to be identical at all three times. Estrogen uptake in gonadotropes of rats 14 days following orchidectomy and treatment with progesterone was reduced significantly. Guidelines for reliable quantification of the autoradiographic data is discussed.
Introduction
Autoradiography (ARO) and immunocytochemistry (ICC) are two of the most sensitive techniques for localizing hormones and other substances in tissue structures. The dry-mount autoradiographic method (dARO) is a specialized version of ARO that provides information about the localization of radioactively labeled diffusible substances, i.e., substances not covalently bound to tissue structures. By applying dARO to the study of the pituitary it has been shown that 80% or more of anterior pituitary cells concentrate radioactivity after in vivo administration of 3 H-estradiol (41, 43) . Despite the importance of identifying these estrogen-concentrating cell populations, the exact identity of the target cells long remained in question. Tinctorial staining of autoradiograms proved to be of very limited usefulness for identifying the target cells, because of the inherent lack of specificity associated with such 'Presented in part at the AUTORADIOGRAPHY WORKSHOP on April 11, 1980, as part of the program at the annual meeting of the Histochemical Society, held in New Orleans, Louisiana, April 11-15, 1980. 2This work was supported by Public Health Service grant HD12173 and Research Career Development Award HD00243. stains (36, 41) . Of all histochemical procedures, only ICC promised the necessary degree of specificity to provide reliable characterization of autoradiographically labeled anterior pituitary estrogen target cells (16, 17) .
The task of characterizing anterior pituitary estrogenconcentrating cells is, at the same time, fraught with unique problems yet pregnant with potential solutions. On the one hand, unlike most other estrogen target tissues, the anterior pituitary is composed of a nearly random assortment of a half dozen or more morphologically similar cell types, each secreting a different hormone. And at the light microscopic level there are usually few reliable morphological or topographical clues that can be utilized to determine the hormone-secreting nature of an anterior pituitary cell. On the other hand, the high cytoplasmic concentrations of glycoprotein or polypeptide hormones in each cell type provide ample opportunity to characterize each by ICC.
When seeking to combine these two methods we were guided by the following constraints. First, to prevent leaching or translocation of the radioactively labeled diffusible hormone the tissue must be freeze-dried, but unfixed, during the processing of the autoradiogram up through the exposure period. Second, to achieve immunocytochemical staining of pituitary hormones the tissue must be adequately fixed in such a way as to immobilize the antigen of interest. Therefore KEEFER autoradiographic processing must precede the immunocytochemical staining. Third, since fixation must follow exposure of the autoradiogram, the fixation procedure must not adversely affect the autoradiogram itself. During the development of this combined method numerous fixation protocols were tested. The protocol selected for use in our laboratory was chosen because it provides suitable fixation of adenohypophyseal hormones but does not artifactually increase or decrease silver grain number as most other fixation protocols do. Subsequent refinements to the technique have, additionally, permitted us to reliably quantify autoradiographic data from these preparations (15) . This article describes in detail the combined dARO-ICC technique. Data are presented from male rats describing estrogen uptake in five anterior pituitary cell types 1 day after orchidectomyadrenalectomy and in hypophyseal gonadotropes 1, 14, or 50 days after orchidectomy and 14 days after orchidectomy with concurrent progesterone treatment.
Materials and Methods
Twenty-nine peripubertal male Sprague-Dawley rats were divided into five groups. All groups (1-V) were orchidectomized on day 0, while Group I rats were also adrenalectomized. On day 1 Groups I and II were injected with 3H-estradiol and processed as described below. Group III was injected and processed on day 14. Group IV received subcutaneous implants of progesterone pellets from days 11 to 13 and was injected and processed on day 14. Group V was injected and processed on day 50. Two additional rats were injected with vehicle only and were processed as unlabeled controls. Animals in Groups I to V were given an intravenous injection of 5.4 ttg/kg body weight of 2,4,6,7 3H-estradiol-17/3 (specific activity 95-100 Ci/mM) in 20% ethanol-saline. Sixty minutes after injection, the animals were decapitated and the pituitaries were quickly removed, placed onto brass mounts, and frozen in rapidly vortexing Freon 22 or isopentane at -150°C (see Discussion). Pituitaries, stored in liquid nitrogen were cut into 4 gm thick horizontal sections in a Harris Wide-Range Cryostat at -30°C and were freeze-dried overnight. The vacuum was broken with desiccated air after warming to room temperature and the sections were stored in a desiccator until mounting. Two freeze-dried, unfixed, unembedded sections were dry-mounted onto each desiccated, emulsion-coated slide (Kodak NTB-2 emulsion) in a controlled 30-40% relative humidity darkroom (42) . Emulsion-coated slides were prepared in advance by slowly dipping cleaned 18°C microscope slides into 41°C NTB-2 emulsion and letting them air dry vertically at 60% relative humidity overnight. They were stored in desiccator slide boxes at room temperature for no more than 3 weeks. The autoradiograms were exposed for 35 days at -20°C in lightproof desiccator slide boxes. After exposure the autoradiograms were removed from their boxes and breathed on briefly to improve adherance of the section to the emulsion during photographic and immunocytochemical processing.
The autoradiogtams were briefly dipped into freshly prepared 2% formalin in 0.01 M phosphate buffered saline (PBS) for 10 sec to fix the hypophyseal hormones (15) . Without delay they were developed in freshly prepared 1:1 Kodak D-19 with 0.3% formalin for 4 min, were washed and photographically fixed. All photographic processing was carried out in a controlled temperature water bath strictly maintained at 15.0°C. After thorough washing, the autoradiograms were immunocytochemically stained. The primary antisera used were directed against rat luteinizing hormone /3 (rLHI3), human follicle stimulating hormone /3 (hFSH/3), rat thyrotropin /3 (rTSH/3), rat prolactin (rPRL), bovine growth hormone (bGH), and human /3 endorphin (h/3E). (The latter two were gifts of Dr. Peter Petrusz, while the others were gifts of Dr. A.F. Parlow of the National Pituitary Agency.) The anti-h/3E was used to mark corticotropes (26) , and was found to stain anterior pituitary cell populations similar to anti-pACTH in adjacent plastic sections (personal observations). The anti-rabbit immunoglobulin G (IgG) and the peroxidaseantiperoxidase (PAP) complex were obtained from Cappel Laboratories. Staining of the autoradiograms was based on a modification of the procedure by Petrusz et al. (32) that was derived from the immunoglobulin-enzyme bridge method of Mason et al. (27) and Sternberger (39) . The emulsion was scraped off the back of the slides and the emulsion surrounding each tissue section was carefully blotted dry with bibulous paper. Without allowing the sections to dry at any time during the procedure, the primary antibody was applied by placing one drop of the diluted antibody solution over the section and allowing this to incubate at 4°C for 48 hr in a water-saturated atmosphere. All primary antisera were used at dilutions of 1:10,000 except for the a-rLH/3, which was used at 1:5,000, and the a-h/3E used at 1:20,000. The antisera were diluted using PBS with 1.0% normal goat serum and 0.1% sodium aside. Following this 4°C incubation with the primary antibody, obtained from rabbit serum, the autoradiograms were allowed to warm slowly to room temperature and were washed for 3 min in PBS after which they were incubated in goat anti-rabbit IgG (1:200) for 15 min. and rinsed again in PBS. PAP complex (1:100) was applied for 20 min and washed in PBS. Next the autoradiograms were placed in 200 ml of fresh, filtered 0.075% solution of 3,3'-diaminobenzidine (DAB) tetrahydrochloride in PBS to which 0.001% hydrogen peroxide was added and incubation was carried out for 30 min. The slides were washed for 3 min in PBS, briefly in distilled water, and then were counterstained with methyl green-pyronine.
Eight sections from each pituitary were stained with each of the above primary antisera. For each pituitary, silver grains were counted at 1250 X in nuclei of 40 labeled cells stained with each antiserum. Background silver grain levels were determined by counting silver grains over nuclei of similarly stained cells from the pituitary of the uninjected control that was mounted along with the experimental sections. Silver grain data were corrected for background and analyzed by ANOVA with post hoc Tukey's and Student's t test (18) . In autoradiograms from one male nuclear dimensions were recorded with an ocular micrometer for the nuclei over which silver grains were counted. Nuclear area was calculated using the formula for an ellipse, A = zr(4), where a is the greatest nuclear diameter and b is the greatest diameter perpendicular to a. Linear regression analysis was used to determine the correlation between nuclear area and silver grain number.
Results
Male rats of Group I that had been both orchidectomized and adrenalectomized for one day showed nuclear uptake of radioactivity in 85% of the anterior pituitary cells (Figure 1 ). The remaining cells that were devoid of label did not stain immunocytochemically with any of the antisera used here. Gonadotropes, identified by staining with anti-rLH/3 or anti-hFSH/3, contained an average of 11.0 ± 1.1 and 10.5 ± 1.7 silver grains per nucleus, respectively (mean ± SEM) ( Figure  2 ). Lactotropes and somatotropes contained 13.7 ± 1.5 and 13.6 ± 1.8 silver grains per nucleus, respectively . Cortico- The silver grain values for lactotropes and somatotropes were significantly higher (p < 0.05) than for the other cell types, while the values for thyrotropes were significantly lower than the others (p < 0.05). Gonadotropes, whether identified with anti-rLH/3 or anti-hFSH/3, had essentially similar values (Figure 2) . Estrogen uptake measured in gonadotrope nuclei at several time intervals after orchidectomy showed that 1 day after castration 10.7 ± 0.9 silver grains were present, 14 days after castration 12.1 ± 2.1 were seen, and 50 days after castration 10.6 ± 1.48 were present (Figure 4 ). Gonadotropes from animals in Group IV that received progesterone treatment during the 14 days after castration contained 7.9 ± 2.0 grains per nucleus. The mean nuclear silver grain number for Group IV was significantly less than the others. Linear regression analysis, seeking a possible correlation between nuclear crosssectional area and silver grain number, revealed no such correlation to exist in most cases ( Figure 5 ). Correlation coefficients were 0.06 for thyrotropes, 0.34, 0.35, and 0.36 for lactotropes, gonadotropes, and corticotropes, respectively, and 0.58 for somatotropes. Only the last value, of 0.58, indicates a possible correlation between nuclear area and silver grain number.
Discussion
Technique Selective combination of the dARO and the ICC techniques has allowed us to approach a whole new set of questions that otherwise would be refractory to either technique alone. Specifically, combined dARO-ICC is the only method currently available that will permit us to measure in vivo steroid Figure 4 . Mean number of silver grains in nuclei of gonadotropes stained with anti-rLH/3 1 hr after 3H-estradiol injection in male rats under various physiological conditions. I I day after orchidectomy-adrenalectomy; II 1 day after orchidectomy; III 14 day after orchidectomy; IV 14 day postorchidectomy with progesterone treatment; V 50 day after orchidectomy. hormone uptake in individual anterior pituitary cell types or even in subpopulations of a particular cell type. On the basis of biochemical data it is clear that the anterior pituitary contains cytoplasmic estradiol receptor molecules that bind estradiol, quickly migrate to the nucleus, and become associated with nuclear chromatin (14) . Biochemical techniques have shown that the quantity of 3H-estradiol in the pituitary 1 hr after injection of the isotope is near 3 pM/mg DNA, which is equivalent to approximately 11,000 molecules of 3Hestradiol/nucleus (28) . These figures, however, assume that the anterior pituitary concentrates estradiol homogeneously among all cell types. Our autoradiographic data reveal that, in fact, 15-20% of anterior pituitary nuclei do not take up any 3 H-estradiol at all, while the uptake among the target cells may vary by a factor greater than 6. Thus, while the overall 3 H-estradiol uptake may be expressed as 11,000 molecules per nucleus, individual cell types may vary in their uptake from zero to many times this overall value. At the moment, this method can be used to indicate relative differences in 3 H-estradiol uptake among the various cell types. If our current attempts at standardization are successful it will soon be possible to directly extrapolate the number of silver grains per nucleus to the number of 3 H-estradiol molecules per nucleus.
When quantification of silver grain data is desired, it is imperative that stringent standards of autoradiogram preparation be maintained. In our laboratory the following aspects of the autoradiographic procedure are controlled with special care. 1) Freezing of the tissue is carried out in rapidly vortexing Freon 22 or isopentane maintained at -145° to -150°C. This assures much more rapid freezing, with improved morphological preservation, than does still coolant that thermally stratifies quickly. 2) All tissues blocks are stored in liquid nitrogen until cutting, since we have found that prolonged storage in freezers at -80°C results in gradual deterioration of many tissues. 3) Tissues are cut at 4 or 6 µm thickness to assure that the sections are "infinitely" thick with respect to the range of tritium particles. 4) During cutting in the Harris Wide-Range Cryostat the temperature is maintained at -25°C or lower to prevent additional tissue damage due to rearrangement of ice crystals. 5) Freeze drying is carried out inside the cryostat to prevent possible warming of the sections and the freeze drying extends over 18 hr at 10 -5 torr to assure maximal removal of free water. 6) Although sections can be stored at room temperature in a desiccator indefinitely they must be mounted in a dark room with the relative humidity controlled at 30 to 40% to prevent absorption of water vapor. 7) Exposure of the autoradiograms near 0% relative humidity and -20°C further decreases the opportunity for chemographic artifacts. 8) Kodak NTB-2 emulsion is used because it gives a lower background while maintaining high sensitivity in the tritium range. 9) Our emulsion is warmed only to 41.0°C in a closely controlled water bath since we have found that temperatures of 43 to 45°C may cause an increase in background of as much as 50%. 10) The undiluted emulsion is maintained at 41°C during dipping while the cleaned slides are kept at room temperature (18°-20°C). This has given us consistent preparations in which the dried emulsion is 4 .tm or more thick in the middle of the slide i.e., "infinitely" thick with respect to the range of tritium particles. 11) The D-19 developer must be freshly prepared since it begins to deteriorate within hours after exposure to air. 12) The temperature of the photographic developer must be strictly maintained if quantified data are to be compared among batches developed at different times. Variations of even one degree may result in significant variations in the number and size of reduced silver grains. 13) With the combined technique it is especially critical to determine background counts from stained cells of unlabeled pituitary sections mounted on slides together with the labeled sections. The brief fixation prior to ICC staining increases the background silver grain number more in the free emulsion than in emulsion covered with tissue sections. This may result from the fact that the free emulsion may be exposed to the fixative for the full fixation time, while the emulsion lying under the tissue is exposed for somewhat less time. Background counts taken from nuclei of stained cells from unlabeled sections are lower and show less variation than counts acquired from equivalent areas of free emulsion.
Results
The data clearly show that all five granular cell types in the male rat anterior pituitary concentrate radioactivity 1 hr after administration of 3H-estradiol. The existence of specific estrogen-binding receptor molecules in the adenohypophysis has been well-substantiated (8, 29) . Estradiol has been shown to enter the nucleus of a target cell only if it is first bound to this estrogen receptor in the cytoplasm (14) . In the nucleus, more than 85% of the radioactivity is still in the form of unmetabolized estradiol 1 hr after the injection of 3 Hestradiol 17/3 (45) . Hence we assume that the radioactivity visualized in each nucleus represents 3H-estradiol receptor complex associated with the nuclear chromatin. To give maximal assurance that all available binding sites are saturated, a dose of 5.4 ug/kg body weight was administrated. This dosage is twice as large as is necessary to saturate nuclear estrogen-binding sites in the rat (20, 23) .
Estrogen uptake in Group I (orchidectomized and adrenalectomized for 1 day) is assumed to be occurring in cells after all nucleus-bound endogenous estradiol-receptor complexes have been removed, but prior to the postcastration gonadotropin surge. McEwen et al. (28) have shown that 18 to 24 hr after injection of a saturating dose of 3H-estradiol, virtually all nucleus-bound radioactivity has been eliminated from the pituitary. Twenty-four hours after castrationadrenalectomy serum gonadotropins are still at preoperation levels (25) . The nuclear uptake of estrogen visualized in our autoradiograms parallels physiological data concerning direct estrogen effects on specific pituitary cell types. A negative feedback effect of estrogen upon gonadotropes is supported by data showing that infusion or implantation of estrogen directly into the pituitary inhibits LH release (2, 34) and single intravenous injections of estradiol acutely depress pituitary responsiveness to LRH in ovariectomized rats. On the other hand, evidence for positive feedback comes both from in vitro (37) and in vivo (5, 21, 22, 35) studies that show estrogen directly activates the release of gonadotropin, probably by enhancing the sensitivity of gonadotropes to LRH.
Lactotropes, one day after orchidectomy and adrenalectomy concentrate as much, if not more, 3 H-estrogen than do gonadotropes. Prolactin secretion has been shown to increase on the afternoon of proestrus, when estrogen levels are high (7, 44) and estrogen treatment also appears to increase serum prolactin (3) . This rise in prolactin release may result from an estrogen-induced increase in the number of thyrotropin releasing hormone (TRH) receptors on the lactotropes (6, 12) . Concurrent with its possible effects on TRH receptor levels, estrogen is reported to increase the mitotic activity of lactotropes resulting in hyperplasia (9, 13) .
Estrogen uptake by thyrotropes under these conditions, although less than by other target cells, was nonetheless significant. Several investigations have shown that estrogen can directly influence thyrotrope activity. Fisher and D'Angelo (10) report that low doses of estradiol increase pituitary and plasma TSH levels while high doses decrease TSH in ovariectomized rats. This was not evident in male rats, however (4). In humans, a variety of oral contraceptives appear to increase the TSH response to TRH (33) . As with lactotropes, these observations could be explained by the report that estrogen induces an increase in the number of TRH receptors in anterior pituitary homogenates (6) .
The estrogen uptake seen in corticotropes is paralleled by reports showing that steroidogenesis and ACTH secretion are depressed in gonadectomized animals and that estrogen can reverse this depressive action (19) . Somatotropes, which concentrate a large amount of estrogen, may also be responsive to estrogen. Serum growth hormone levels are generally higher in women than in men and prolonged estrogen administration markedly increases growth hormone levels (11) . Most estrogen-induced tumors secrete either growth hormone or prolactin (38) . Growth hormone release in response to arginine or hypoglycemia is greater in women during the preovulatory stage (30) . Finally, evidence has been presented that estrogen induces the transformation of somatotropes into lactotropes (40) .
Estrogen uptake in gonadotropes of male rats orchidectomized for 1, 14, or 50 days remained remarkably consistent, being 10.7 ± 0.9, 12.1 ± 2.1, and 10.6 ± 1.48 silver grains per nucleus, respectively. Biochemical evidence corroborates our findings in male rats. The available high affinity binding capacity for 3 H-estradiol in pituitary cytosols from male rats did not change significantly when intact and 3 or 6 week castrates were compared (1). Following castration alone, serum gonadotropin levels surge within 12 hr post-op but after castration-adrenalectomy the gonadotropin surge is delayed until after 24 hr post-op, (25) . A comparison of gonadotropes from Groups I and II shows that estrogen uptake is not significantly altered 24 hr after removal of estrogen even though Group II gonadotropes at this point presumably are releasing large amounts of gonadotropin, while Group I gonadotropes still are secreting basal amounts. Finally, the protocol for Group IV, which examined the effects of progesterone treatment on estrogen uptake in male pituitaries, has been shown to cause a large increase in estrogen uptake in female pituitaries (24; Keefer, unpublished data). This progesterone-induced sexual dimorphism in 3H-estrogen uptake may be partially responsible for observed sex differences in pituitary response.
